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Introduction
Oxygen transport membrane technology has been the subject of much research in recent years, showing promise as a method of oxygen separation for uses as diverse as oxygen separation, autothermal reforming and oxy-fuel combustion [1] . Whilst much progress has been made in the field, especially regarding improvement of attainable flux, degradation rates for some systems remain too high for commercial implementation at a cost competitive with that of mature alternative technologies.
An oxygen transport membrane is, in essence, a gastight layer consisting of at least one material with the capacity to conduct oxygen ions. The layer separates gas phases of different oxygen partial pressures, and at high temperatures, migration of oxygen occurs down the chemical potential gradient. The migration of oxide ions is balanced by the counter-migration of electrons in order to maintain charge balance. This electronic conductivity simplifies the architecture considerably, as there is no need for current pickups.
Perovskites containing alkaline earth metals provide good fluxes, but suffer from deactivation in the presence of CO 2 due to alkaline earth carbonates forming on their surfaces, blocking catalytic sites. An alternative to single phase membranes is to substitute some of the MIEC for a pure ionic conductor. These dual phase membranes show superior stability in fuel gases, albeit with lower attainable flux.
Wagner defined a relation between pO 2 gradient, conductivity and membrane thickness, outlined in the following equation [2] ;
where σ amb is the ambipolar conductivity, defined as [3] ;
The Wagner equation holds true in the case of a thick membrane with pure bulk diffusion limitation, but on reducing the thickness of the membrane surface exchange effects start to appear. The point at which the surface exchange actually dominates, and no more gains can be made from reducing the thickness of the membrane is known as the limiting thickness, denoted L c and calculated by the following equation;
where D O ⁎ is the bulk diffusion coefficient and k is the surface exchange coefficient. Both parameters can be measured from conductivity relaxation [4, 5] or isotope exchange depth profiling [6, 7] One of the objectives in this work is to develop the initial capability to fabricate, test and determine the durability and degradation modes of planar small-scale OTMs and so to rapidly screen new candidate materials.
Experimental
Four cells are discussed in the present study -details are given in 
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Solid State Ionics j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / s s i MIEC and ionically conductive phases respectively. Cell 2 replaced the standard LSCrF with LSCrF doped with 5% Ni on the B-site. This has been shown to exsolve in reducing conditions to form catalytically active nickel nanoparticles [8, 9] , similar to Fig. 2. 
Cell fabrication
Tape casting was used for all cells in the study. Cells 1 and 2 consisted simply of 300 μm layers of LSCrF and ScSZ, fabricated from laminated aqueous tapes which were subsequently fired at 1400°C for 5 h to give dense membranes. Screen printing was then used to deposit the exchange layers, followed by another firing at 1350°C for 2 h. Cells 3 and 4 involved a porous support layer. Cell 3 was fabricated entirely by lamination of support, exchange layer and dense tapes. Cell 4 comprised dense and exchange layers screen printed onto a green support tape (an example cross section is shown in Fig. 1 ). In both cases the support, fuel oxidation and dense layers were co-fired at 1400°C for 5 h followed by screen printing of an air side exchange layer and firing at 1350°C for 2 h.
The major difference between cells 3 and 4 was the thickness of the dense layer; cell 4's dense layer was one tenth the thickness of cell 3's.
The tape-casting procedure for all tapes was as follows: solids were dispersed in water using 2% Hypermer KD6 (Croda, UK) and rolled for 4 h on a roller mill using 10 mm zirconia milling media. Plasticisers (glycerol and poly(ethylene glycol)) and binder (poly(vinyl alcohol) are then added and the mixture is mixed in the same manner as before for a further 18 h. The slurry is then degassed for 5 h using a combination of slow rolling and vacuum. Casting is performed at 0.5 cm min
onto Mylar with a blade gap of 600 μm. The solids in the support tape were TZ3YSB 3YSZ (Tosoh, Japan), 280 nm Thermax N990 carbon black (Cancarb, Canada) and 1.5 μm Esprix MX-150 poly(methyl methacrylate) (Esprix, USA). The dense layer tape consisted of LSCrF and ScSZ. Thermax N990 carbon black was also used as the pore former in the exchange layers.
Matching the shrinkage rates of the different layers of the asymmetric cells is critical to produce a flat, leak-free cell. Sealing to a jig is not possible when cells are distorted. Flatness was achieved by using a high ramp rate during the sintering phase of the firing programme; after a ramp of 1°C min −1 to 600°C to burnout the organic component of the assemblies, the furnace was ramped to 1400°C at 10°C min
, with a dwell of 5 h.
Test procedure
Sealing of the cells was performed using Pyrex glass rings with a softening point of approximately 820°C. The weight of the jig on the cell was sufficient to deform the glass at temperatures above the softening point and provide a good seal; cells with a leak rate of above 1% were rejected. Cell 2 required conditioning before measurement -the process of nickel exsolution happens at very low pO 2 values, which could not be achieved before the sealing process had completed. The cell was therefore held at 900°C for 20 h with H 2 /Ar on the fuel side and Ar on the air side after sealing. Flux measurement of the cells was performed at temperatures between 700 and 900°C in 20 ml min −1 H 2 / air on a purpose-built rig, with a Shimadzu GC-2014 equipped with a MolSieve 5A packed column and TCD used to measure the consumption of hydrogen. The leak of nitrogen was also measured, and assuming Knudsen diffusion, the oxygen leak could be determined, and the flux was corrected accordingly. Flux was calculated as follows; total flux, j tot (including from leakage) is calculated from determination of the hydrogen consumed in the cell;
The leakage is calculated from the amount of nitrogen in the exhaust, assuming Knudsen diffusion;
Subtracting the oxygen leaking through the membrane from the total oxygen flux and dividing by the active area of the membrane then yield the specific oxygen flux, JO 2 ;
where; H 2 in = hydrogen into cell (%) H 2 out = hydrogen measured from outlet (%) A = area of exchange layers (cm 2 ) N 2 in = nitrogen leak detected (%) F = total gas flow rate (ml min LSCrF/ScSZ 20 μm 3YSZ Fig. 1 . Cross section of an asymmetric cell. 
Results and discussion
The fluxes at 900°C for the four cells outlined in Table 1 are shown in Fig. 3 . The flux values show a doubling of flux with the addition of a nickel catalyst to the fuel oxidation layer, showing that flux was probably not simply bulk diffusion limited. As expected, a far more marked improvement is seen with the thinning of the membrane; reduction of the thickness of the membrane from 300 μm to 20 μm, a factor of 15, leads to an increase in flux of 6.8 times, with the shortfall explainable by the concentration polarization introduced by the support structure required for the thinner membrane.
Because of the differences in membrane and test parameters between researchers, like-for-like comparison of systems is difficult. The specific fluxes were therefore normalized with respect to thickness (Fig. 4) .
Using this method, fluxes obtained at 900°C in H 2 versus air across symmetrical membranes were comparable with the literature [10, 11] . The fact that there is a substantial performance improvement upon adding exsolving nickel to the anode indicates that the thick membranes, which might be expected to be bulk diffusion limited at these high temperatures, show some influence from exchange layers. This suggests that the electrode process is still limiting in part, but may also relate to an increase in the effective area for surface exchange.
Cell 3 was characterized between 700 and 900°C, and the Arrhenius plot is shown in Fig. 5 . Using the Arrhenius plot, an apparent activation energy of 149 kJ mol − 1 was calculated. Values determined in other studies range from around 80 kJ mol −1 [10] , suggesting that ionic conduction of the ScSZ phase dominates, to 225 kJ mol
, more consistent with surface exchange limitation [12] . The measured activation energy in the present study would appear to be more consistent with a surface exchange process than ionic limitation. There appears to be a different process dominating the activation energy below around 775°C, as the open circles in Fig. 5 indicate, but as yet measurements on extremely low fluxes show too much measurement error to reliably determine the activation energy. Table 2 . Fig. 5 . Arrhenius plot for cell 3.
Conclusions
Composite LSCrF-10Sc1CeSZ cells have been developed in both symmetrical and asymmetric variants, the latter using optimized firing conditions to achieve flatness. Testing has started and initial results indicate that substantial improvement is possible with the addition of exsolving catalysts on the fuel oxidation layer. The cells provide performance which is comparable to, and slightly outperforms systems of similar chemistry. Some evidence of a change in flux limitation below 775°C is present, although the activation energy is yet to be determined accurately enough to suggest a rate-limiting mechanism at lower temperatures.
Future work will focus on determining degradation mechanisms of the cell chemistry quoted in this study, along with others of similar chemistry, at temperatures above the ideal operating conditions in order to accelerate degradation mechanisms. Microscopy and microanalysis will be performed to look for evidence of microstructural and phase changes. Determination of the activation energy at lower temperatures will also be attempted by increasing the flux to reduce measurement error.
